The eect of Mg 2+ on the thermal inactivation and unfolding of rabbit muscle creatine kinase has been studied for various temperatures and Mg 2+ concentrations. Increasing the Mg 2+ concentration in the denatured system signi®cantly enhanced the inactivation and unfolding of creatine kinase during thermal denaturation. The analysis of the kinetic course of substrate reaction during thermal inactivation showed that at 478C the increased free Mg 2+ concentration caused the creatine kinase inactivation rate to increase. Increasing the temperature strengthened the eect of Mg 2+ on the thermal inactivation. Control experiments showed that treating native creatine kinase with dierent concentrations of Mg 2+ did not change the enzymatic activity. The¯uorescence emission spectra showed that the emission maximum for creatine kinase red-shifted from 335 to 337 nm during thermal denaturation at 478C for 10 min, while the presence of 3 mM Mg 2+ caused the enzyme emission maximum to red-shift from 335 to 342.5 nm for the same thermal denaturation conditions. In addition, Mg 2+ also enhanced the unfolding of the equilibrium state and decreased the time required to reach the equilibrium state of creatine kinase at 478C. The potential biological signi®cance of these results are discussed. #
Introduction
Magnesium, an alkaline earth metal, is essential for the regulation of a great variety of biological processes [1, 2] . It is well known that mammalian cells contain 10±30 mM total magnesium [3] and the concentration of free magnesium ions is in the range of 0.3±3 mM [4] . Many enzymes require magnesium for their activity and are activated through one of three general mechanisms. In the ®rst mechanism, magnesium is a necessary component of the enzyme [5] . In the second, magnesium binds to a ligand, thereby making a suitable substrate (e.g. ATP±Mg) [6, 7] . The third mechanism is through allosteric activation in which binding to one or www.elsevier.com/locate/ijbcb more forms of the enzyme in the reaction course induces a change in its conformation [8, 9] .
Creatine kinase (ATP: creatine N-phosphotransferase, EC 2.7.3.2) is a dimeric enzyme (Mr86000).The reaction catalyzed by creatine kinase is considered to be bireactant [7] :
The enzyme plays an important role in energy metabolism and much information exists on the kinetic mechanism and on the nature and role of certain amino acid residues at or near the active site [10] . The unfolding of creatine kinase (CK) in denaturant solutions and the refolding after dilution have been extensively studied [11±16] . A recent study has also reported on the thermal unfolding of creatine kinase [17, 18] .
Free ATP is not a substrate for creatine kinase but the true substrate is an ATP±Mg complex. Therefore, creatine kinase requires Mg 2+ for its activity. There is no indication of the involvement of additional Mg 2+ in the reaction, but the metal is abundant in cells. Therefore, further investigation of the eect of magnesium ions on creatine kinase is of interest. Morrison and O'Sullivan [19] reported that high concentrations of free Mg 2+ not only inhibited the reverse reaction, but also aected the binding of phosphocreatine to the enzyme. Lawson et al. [20] reported that free Mg 2+ aects the creatine kinase equilibrium constants (K eq ). However, there have been no studies on the eect of free Mg 2+ on the stability of creatine kinase. This study investigates the eects of Mg 2+ on the thermal inactivition and unfolding of creatine kinase. The potential biological signi®cance of these eects are discussed.
Materials and methods

Materials
ATP were obtained from Sigma. All other reagents were local products of analytical grade.
Enzyme concentration and activity assay
The preparation and further puri®cation of rabbit muscle creatine kinase were as described by Yao et al. [21] . The puri®ed enzyme was found to be homogenous by polyacrylamide gel electrophoresis and SDS polyacrylamide gel electrophoresis. The enzyme concentration was determined by absorbance at 280 nm with A 1cm 1% =8.8 [21] . The enzyme was assayed using the thymol blue±pH spectrophotometric method [16] . Concentration and activity of creatine kinase were measured with a Perkin-Elmer Lambda Bio UV/VIS Spectrometer.
Heat inactivation
The enzyme (0.087 mg/ml) was incubated for 10 min in 100 ml of 50 mM Glycine±NaOH buffer of pH 9.0 with Mg(Ac) 2 (or NaAc) at the desired concentration and temperature. A 10 ml sample of this reaction mixture was added to a ®nal volume of 1.0 ml of the assay mixture and initial rates were measured at 258C.
The kinetic course of substrate reaction of creatine kinase was measured as described in Ref. [18] .
Intrinsic¯uorescence emission spectra measurements
The¯uorescence emission spectra were measured with a Hitachi 850 spectro¯uorometer. The excitation wavelength was 295 nm [6] . The course of the conformational changes was followed by rapidly mixing a small volume of the enzyme with a solution of 50 mM Glycine± NaOH buer of pH 9.0 with Mg(Ac) 2 at the desired concentration and preheated to the required temperature. The course of emission intensity change was followed at that temperature. All the measurements were corrected for the spectrum of the buer solution.
Results
Eect of Mg
2+ on the activity of native and thermally inactivated creatine kinase at 478C
The activity change of CK as a function of Mg(Ac) 2 concentration is shown in Fig. 1 . The native CK activity was almost unchanged up to 3 mM Mg(Ac) 2 at 258C. However, the remaining activity of the enzyme incubated for 10 min at 478C decreased greatly in the presence of Mg(Ac) 2 . Increasing the Mg(Ac) 2 concentration caused greater decreases in the remaining activity. No residual activity was observed above 3 mM Mg(Ac) 2 . The midpoint value of the data obtained in the presence of Mg 2+ (Fig. 1 ) occurred at about 0.73 mM Mg(Ac) 2 .
NaAc was used in the reaction to determine whether the eect of Mg(Ac) 2 was due to the increased ionic strength or the increased Ac À concentration. The eect of NaAc concentration, Fig. 2 , shows that adding NaAc up to 6 mM has no signi®cant eect on CK activity. Therefore, the change in the residual activity of the thermal inactivated CK in the presence of Mg(Ac) 2 was not due to the Ac À ions and the resulting change in the ionic strength, but due to the Mg 2+ .
2+ on the remaining activity of creatine kinase during thermal denaturation at dierent temperatures Fig. 3 shows the remaining activity of the enzyme after thermal denaturation at tempera- Fig. 1 . Eect of Mg 2+ on the residual activity of creatine kinase. The enzyme was incubated for 10 min at 258C (*) or 478C (R) in 50 mM Glycine±NaOH buer pH 9.0 with Mg(Ac) 2 of dierent concentrations. Fig. 3 . Eect of Mg 2+ on the remaining activity of creatine kinase. The enzyme was incubated for 10 min at dierent temperatures in 50 mM Glycine±NaOH buers pH 9.0 in the absence (*) and presence (R) of 3 mM Mg(Ac) 2 . Fig. 2 . Eect of NaAc on the residual activity of creatine kinase. The enzyme was incubated for 10 min at 478C in 50 mM Glycine±NaOH buer pH 9.0 with NaAc of dierent concentrations.
tures from 37 to 478C in the absence and presence of 3 mM Mg(Ac) 2 . The activity of CK decreased 46.1% between 378C and 478C in the absence of Mg(Ac) 2 and 91.8% in the presence of 3 mM Mg(Ac) 2 . The data in Fig. 3 also shows that the remaining activity of CK in the absence of Mg 2+ decreased rapidly when 3 mM Mg(Ac) 2 was added to the solution as the denaturation temperature increased between 37 and 478C.
Rates of inactivity of creatine kinase
The eects of Mg 2+ on the inactivation kinetics during thermal inactivation were also examined. The native CK activity was almost unchanged when up to 3 mM Mg 2+ was added to the substrate (data not shown). The data in Fig. 4 shows the kinetic course of the substrate reaction during thermal denatutation in the presence dierent concentrations of Mg 2+ . The results show that the kinetic course was a one phase reaction in the absence or presence of Mg 2+ and that increased Mg 2+ concentrations caused the inactivation rates to increase ( Fig. 5 ; Table 1 ).
Eect of Mg 2+ on the¯uorescence emission spectra of creatine kinase during thermal denaturation
The¯uorescence emission spectra of CK during thermal denaturation at 478C are plotted in Figs. 6 and 7 . The results show that increased concentrations of free Mg 2+ caused the intrinsic uorescence intensity of CK to increase with a red shift of the emission maximum. The maxi- Fig. 4 . Kinetic courses of substrate reaction during thermal inactivation at 478C. Final enzyme concentration in assay system was 0.01087 mg/ml. The concentrations of free Mg 2+ for curves 1±4 were 0, 1, 2 and 3 mM, respectively. mum emission wavelength (l max ) red-shifted from 335 nm for native CK to 337 nm for CK thermally denatured after 10 min at 478C. Further increasing the Mg 2+ concentration (0±3 mM) caused l max of CK to red-shift to 342.5 nm in the presence of 3 mM Mg 2+ during thermal denaturation at 478C. Mg 2+ also aect the equilibrium state maximum emission of creatine kinase after thermal denaturation at 478C (Fig.  7) . Increasing the concentration of Mg 2+ (0±3 mM) caused the emission maximum of creatine kinase to red-shift from 341.5 nm (0 mM Mg 2+ ) to 343 nm (1 mM Mg 2+ ), 343.7 nm (2 mM Mg 2+ ) and then 345 nm (3 mM Mg 2+ ). In addition, the time required to reach the equilibrium state decreased from 45 min (0 mM Mg 2+ ) to about 35 min (1 mM Mg 2+ ), 30 min (2 mM Mg 2+ ) and then 25 min (3 min Mg 2+ ) (data not shown). 6 mM NaAC had no signi®cant eect on the CK emission maximum (data not shown). Thus, the results suggest that the enzyme underwent faster and further unfolding with the addition of Mg 2+ during thermal denaturation at 478C.
Discussion
Although Mg 2+ concentrations up to 3 mM had no eect on the native enzyme, unfolding studies using thermal denaturation have clearly indicated that Mg 2+ strongly enhanced the inactivation and unfolding of CK when CK was denatured at high temperatures. Higher Mg 2+ concentrations resulted in faster rates of inactivation and lower stability. In addition, increasing the denaturation temperature increased the eect of Mg 2+ on the remaining activity of creatine kinase.
The intrinsic¯uorescence of proteins is a sensitive method for investigating conformational changes of proteins. During denaturation, the emission maximum for proteins containing tryptophan is usually shifted from shorter wave- lengths to longer wavelengths [22, 23] . Although, the unfolding of CK during thermal denaturation is signi®cantly aected by the presence of Mg 2+ (Fig. 6 ), free Mg 2+ did not aect the structure of native CK [24] as seen in the data that showed that free Mg 2+ did not aect the l max of CK (Fig.7) . Thus, further decreases in the catalytic activity of CK in the presence of Mg 2+ during thermal denaturation occurred because Mg 2+ enhanced the conformational changes of CK and enhanced the denaturation of CK for those conditions.
The modi®cation of protein structure and activity by millimolar amounts of divalent cations was reported for high molecular weight oligomeric hemoglobins [25] , hemocyanins [26] , Groel oligomer [27] , coagulation factor IX [28] and protein tyrosine kinases [6] . Some factors aecting cell surface receptors were found to signi®cantly increase the Mg 2+ in¯ux and intracellular concentration of free Mg 2+ in a variety of cells [6] . This raises the possibility that Mg 2+ plays an essential role in the activity and the stability of the structures of many oligomer proteins in the cells.
In conclusion, magnesium ion appears to be an important regulator of the activity and stability of CK. Free Mg 2+ may perhaps modulate the activity and stability of CK in cells by aecting the unfolding of CK, to suit dierent physiological conditions. Fig. 6 . Fluorescence emission spectra of creatine kinase during thermal denaturation at 478C. Curve 1 shows the spectrum of the native enzyme at 258C and curves 2±5 are spectra in the presence of 0, 1, 2, 3 mM Mg(Ac) 2 . Fig. 7 . Eect of Mg 2+ on the intrinsic¯uorescence emission maximum wavelength of creatine kinase after thermal denaturation at 478C. The values for curve (R) were taken from the curves in Fig. 4 . Curve (W) shows the emission maximum wavelength of native creatine kinase incubated for 10 min at 258C. Curve (*) shown the emission maximum wavelength at equilibrium state of CK incubated at 478C.
